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Introduction {#sec001}
============

Myocarditis is a critical inflammatory disorder which causes severe left ventricular (LV) dysfunction, life-threatening arrhythmia and cardiac sudden death in the acute phase \[[@pone.0119360.ref001]\]. Severe inflammation response in the myocardium also triggers cardiac remodeling. This is associated with an increased risk of the development of dilated cardiomyopathy (DCM) by inducing cardiac fibrosis, accumulation of extracellular matrix, cardiomyocyte apoptosis, and decreased contractility \[[@pone.0119360.ref002]--[@pone.0119360.ref004]\]. Previous investigations showed that there are several potential targets in myocarditis \[[@pone.0119360.ref004]\], however, no specific and effective treatment of myocarditis has been established. Thus, developing new therapeutic strategies which aim to alleviate myocarditis are required.

Dipeptidyl peptidase-4 (DPP-4), a 766-amino-acid protein, is an amino peptidase which cleaves two amino acids from the N-terminus of target proteins or peptides, thereby reducing the activity of its substrates \[[@pone.0119360.ref005], [@pone.0119360.ref006]\]. A major enzymatic function of DPP-4 is reducing the activity of incretin peptides, including glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP), which contributes to the attenuation of insulin secretion \[[@pone.0119360.ref006], [@pone.0119360.ref007]\]. DPP-4 inhibitors have been broadly used as a therapeutic agent for type 2 diabetes.

Accumulating lines of evidence suggest the beneficial effects of DPP-4 inhibitors include not only type 2 diabetes but also various types of cardiovascular diseases. Administration of alogliptin, a DPP-4 inhibitor, decreased reactive oxygen species (ROS) and effectively attenuated aortic aneurysmal formation \[[@pone.0119360.ref008]\]. Administration of linagliptin, another DPP-4 inhibitor, significantly reduced the infracted area after cerebral infarction \[[@pone.0119360.ref009]\]. The DPP-4 inhibitors effect on cardiovascular disease led us to hypothesize that it also has beneficial effects on myocarditis. Thus, the aim of this study was to clarify the role of DPP-4 inhibitors in murine experimental autoimmune myocarditis (EAM).

Methods {#sec002}
=======

Animals and Immunization {#sec003}
------------------------

Male Balb/c mice (6-weeks-old; body weight 20 to 25g) were purchased from CLEA JAPAN. They were fed a standard diet. All animal procedures were carried out in accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. This protocol was approved by the Committee on the Ethics of Animal Experiments of Tokyo Medical and Dental University (Permit Number: 0140140A). MyHC-α^614--629^ (Japan Bio Service Co., Saitama, Japan), a purified synthetic peptide, was emulsified with an equal volume of complete Freund's adjuvant supplemented with *Mycobacterium tuberculosis* H37RA (Difco, sparks, MD, US) \[[@pone.0119360.ref010], [@pone.0119360.ref011]\]. We injected 0.2mL of emulsion (150 μg of cardiac myosin per mouse) using a 27-gauge needle under the dorsal skin of each mouse on day 0 and 7 to induce EAM \[[@pone.0119360.ref010]\]. Mice were anesthetized with 2, 2, 2- trichloro-1, 1-ethanediol and all efforts were made to minimize suffering.

A DPP-4 Inhibitor Administration {#sec004}
--------------------------------

Linagliptin, a DPP-4 inhibitor, was provided by Boehringer Ingelheim (Ingelheim, Germany), with a material transfer agreement. The immunized mice were randomly assigned to two groups. Based on the previous report \[[@pone.0119360.ref012]\], the treated group (n = 19) was orally administrated linagliptin (1.0 mg/kg) from day 0 to day 21 and the untreated group (n = 22) was orally administrated vehicle from day 0 to day 21. Unimmunized mice without linagliptin administration were used as a control group.

Echocardiogram {#sec005}
--------------

Transthoracic echocardiography was performed on the animals anesthetized by intra-peritoneal administration of 3.6% chloral hydrate (2,2,2-trichloro-1,1,ethanediol: Wako Pure Chemical Industries, Osaka, Japan) in saline on day 21. An echocardiography machine with a 14MHz transducer (Toshiba, Tokyo, Japan) was used for M-mode LV echocardiographic recording. A two dimensional targeted M-mode echocardiogram was obtained along the short-axis view of the LV at the papillary muscles. LV fractional shortening was calculated from M-mode echocardiograms over three consecutive cardiac cycles according to the American Society for Echocardiography leading edge method \[[@pone.0119360.ref002], [@pone.0119360.ref013]\]. A B-mode echocardiogram was used to observe the LV function. To analyze cardiac function, two investigators measured the contraction independently, and the values were averaged.

Histopathology {#sec006}
--------------

Hearts were harvested immediately after all animals were sacrificed by the cutting of the abdominal aorta under deep anesthesia on day 21. After measuring the weight (mg), several sections per heart were obtained for histological examination. Apex, midventricular, and basal level slices were stained with hematoxylin and eosin (HE) and Mallory staining. The area of the myocardium affected by cell infiltration was determined as infiltrated areas; fibrosis and necrotic changes were calculated as fibrosis areas. We calculated the area ratio (cell infiltration or fibrosis areas/entire area) \[[@pone.0119360.ref014]\]. To avoid bias, two independent investigators, who were blinded to the slide identification, used Image-J (National Institutes of Health, USA), a computer analysis system, to measure the cell infiltrating and fibrosis areas. The values were averaged.

Immunohistochemistry {#sec007}
--------------------

Immunohistochemistry was performed to examine CD4 (\#1540--10, SouthernBiotech), F4/80 (\#123102, BioLegend) expression in the hearts on day 21. Frozen sections were fixed in acetone at 4°C. The sections were incubated with unlabelled primary antibodies over night at 4°C and washed in PBS. We then applied secondary antibodies (Histofine; Nichirei Co., Tokyo, Japan) at 5μg/mL for 60 min at room temperature. The sections were washed in PBS and incubated with an aminoethylcarbazole (AEC) complex (Nichirei). Sections were then counterstained with hematoxylin solution (Sigma-Aldrich Japan, Tokyo, Japan). CD4 and F4/80 positive cells were counted and the number was divided by the entire area.

Real-time RT-PCR {#sec008}
----------------

Total RNA was isolated from the hearts and cDNA was prepared with the RT-PCR Kit (Lifetechnologies Japan, Tokyo, Japan). Using Real-time PCR in a StepOne real-time PCR system (Lifetechnologies Japan, Tokyo, Japan), the mRNA expression of interleukin (IL)-2 (Mm00434256_m1), tumor necrosis factor (TNF)-α (Mm00443258_m1), IL-1β (Mm00434228_m1), IL-6 (Mm00446190_m1), collagen (Col)-1a1 (Mm00801666_g1), and fibronectin (Fn)-1 (Mm01256744_m1) were determined. A real-time PCR protocol was performed using the following cycling parameters: 95°C for 20 sec followed by 50 cycles: 95°C for 1 sec, annealing at 60°C for 20 sec. cDNA was run in duplicates and quantitative data was calculated using the comparative Ct (ΔΔCt) method. mRNA levels were quantified and normalized against levels of 18s (4319413E).

Lymphocyte Proliferation Assay {#sec009}
------------------------------

Spleen cells were isolated aseptically from mice with EAM on day 21. After removing red blood cells, splenic lymphocytes (2.5x10^5^/well) were incubated in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS) and 10--4% 2-mercaptoethanol (Katayama Chemical Japan, Osaka, Japan) at 37°C with 5% CO~2~ for 1 hour. Then, 100μl MyHC-α614--629 (50μg/ml) was added to the cultures. We applied linagliptin to each well at various concentrations. Cultures were incubated at 37°C with 5% CO~2~ for 70 hours. Lymphocyte proliferation was estimated with a cell counting kit-8 (Dojindo, Kumamoto, Japan) \[[@pone.0119360.ref015]\]. Cell proliferation was expressed as optical density 45 minutes after adding the cell counting kit-8.

Statistical Analysis {#sec010}
--------------------

Values were given as mean ± standard error of mean. Group comparisons were performed by unpaired T test (for echocardiogram and immunohistochemistry), and one-way ANOVA followed by either Fisher's PLSD (for pathology and PCR) or the Bonferroni (for lymphocyte proliferation assay) comparison test. Differences were considered statistically significant at a value of P\<0.05.

Results {#sec011}
=======

Heart and Lung Weights {#sec012}
----------------------

Heart weight to body weight (mg/g) was not significantly different between the treated group (4.73 ± 0.12) and the untreated group (4.95 ± 0.13). Lung weight to body weight (mg/g), an index of lung congestion, was not significantly different between the treated group (4.85 ± 0.20) and the untreated group (5.09 ± 0.23).

Cardiac Function {#sec013}
----------------

Echocardiographic measurements indicated that fractional shortening (FS), ejection fraction (EF), interventricular septal thickness at end-diastole (IVSTd), LV internal dimension diastolic (LVIDd), LV posterior wall diastolic (LVPWd), and LV internal dimension systolic (LVIDs) were not significantly different between the treated group and the untreated group. ([Table 1](#pone.0119360.t001){ref-type="table"})

10.1371/journal.pone.0119360.t001

###### Echocardiography on day 21.

![](pone.0119360.t001){#pone.0119360.t001g}

  　           Vehicle       Linagliptin   P value
  ------------ ------------- ------------- ---------
  FS (%)       48.7 ± 1.0    48.3 ± 1.9    0.86
  EF (%)       85.4 ± 0.8    85.0 ± 1.8    0.81
  IVSTd (mm)   0.94 ± 0.02   0.94 ± 0.05   0.92
  LVIDd (mm)   3.34 ± 0.06   3.29 ± 0.15   0.75
  LVPWd (mm)   0.94 ± 0.04   0.93 ± 0.04   0.94
  LVIDs (mm)   1.70 ± 0.06   1.69 ± 0.04   0.91

FS, fractional shortening; EF, ejection fraction; IVSTd, interventricular septal thickness at end-diastole; LVIDd, left ventricular internal dimension diastolic; LVPWd, left ventricular posterior wall diastolic; LVIDs, left ventricular internal dimension systolic.

Histopathology {#sec014}
--------------

The fibrosis area ratio of myocardium in the treated group (2.0 ± 0.1%) was lower than the untreated group (4.6 ± 1.0%, P\<0.05). Regarding the cell infiltration area in myocardium, there was no significant difference between the treated group (1.75 ± 0.57) and the untreated group (3.04 ± 0.58) (p = 0.27). ([Fig. 1](#pone.0119360.g001){ref-type="fig"})

![Pathological analysis revealed that a DPP-4 inhibitor prevented cardiac fibrosis in EAM.\
A, Representative pathological images stained with HE staining and Mallory staining in low (× 20) power microscopic field are presented. B, Quantitative analysis of the cell infiltration area in myocardium. There is no significant difference between the untreated group and the treated group. C, Quantitative analysis of the fibrotic area in myocardium. The untreated group showed severe fibrosis, however, the treated group showed a smaller fibrotic area. \*P \< 0.05, Fisher's PLSD. Values are mean ± SEM. Scale bars = 1mm](pone.0119360.g001){#pone.0119360.g001}

Immunohistochemistry {#sec015}
--------------------

Immunohistochemical analysis indicated that there was no significant difference in the number of CD4 positive cells per entire area (mm^2^) between the treated group (9.86 ± 5.26) and the untreated group (7.93 ± 2.31). Similarly, there was no significant difference in the number of F4/80 positive cells per entire area (mm^2^) between the treated group (21.8 ± 8.8) and the untreated group (20.9 ± 6.7).

RT-PCR {#sec016}
------

Quantitative PCR analysis showed that the levels of mRNA expression of IL-2, TNF-α, IL-1β and IL-6 were significantly lower in the linagliptin treated group than in the untreated EAM group on day 21. Furthermore, linagliptin tended to reduce the mRNA levels of Col-1a1 and Fn-1 compared to the untreated EAM group. ([Fig. 2](#pone.0119360.g002){ref-type="fig"})

![Results of Quantitative PCR analysis.\
mRNA expression of TNF-α (A), IL-2 (B), IL-1β (C), IL-6 (D), Col-1a1 (E) and Fn-1(F) in the hearts on day 21. \*P \< 0.05, Fisher's PLSD. Values are mean ± SEM.](pone.0119360.g002){#pone.0119360.g002}

Lymphocyte Proliferation Assay {#sec017}
------------------------------

We performed a lymphocyte proliferation assay to examine the effect of a DPP-4 inhibitor on antigen-induced spleen cell proliferation (n = 12 per group). The DPP-4 inhibitor did not affect antigen-induced lymphocyte proliferation. ([Fig. 3](#pone.0119360.g003){ref-type="fig"})

![Results of lymphocyte proliferation assay.\
Cultures with spleen-derived lymphocytes obtained from EAM mice were incubated at 37°C with 5% CO~2~ for 70 hours. Lymphocyte proliferation was evaluated. Treatment of a DPP-4 inhibitor did not affect antigen-induced spleen-derived lymphocyte proliferation. \*P \< 0.05 vs. Myosin-, Linagliptin-, Bonferroni comparison test. Values are mean ± SEM.](pone.0119360.g003){#pone.0119360.g003}

Discussion {#sec018}
==========

Although DPP-4 inhibitors are known to have favorable effects on cardiovascular disease, such as aortic aneurysm and stroke \[[@pone.0119360.ref008], [@pone.0119360.ref009]\], the effect of DPP-4 inhibitors on myocarditis has not been investigated. Our study is the first to show the anti-fibrotic effects of a DPP-4 inhibitor (linagliptin) on EAM mice.

A large amount of evidence suggests that T helper 1 (Th1) cytokines (e.g., IL-2 and TNF-α) are involved in the progression of EAM \[[@pone.0119360.ref016], [@pone.0119360.ref017]\]. In particular, TNF-α has an important role in the pathogenesis of EAM \[[@pone.0119360.ref004], [@pone.0119360.ref018], [@pone.0119360.ref019]\]. Blockade of TNF-α ameliorated inflammation in EAM mice \[[@pone.0119360.ref004]\]. Liu et al. demonstrated that TNF-α plays a critical role in the degradation of myocardial extracellular matrix components through upregulating matrix metalloproteinases, which in turn deteriorates myocardial contractility \[[@pone.0119360.ref018]\]. Myocardial fibrosis was markedly increased in transgenic mice with cardiac-specific overexpression of TNF-α \[[@pone.0119360.ref020]\]. We also demonstrated that administration of linagliptin effectively suppressed fibrosis and reduced IL-1β and IL-6 in EAM mice. Because these cytokines are known to be critical factors in the acceleration of EAM \[[@pone.0119360.ref011], [@pone.0119360.ref021]\], linagliptin has an ability to suppress EAM development. Furthermore, Col-1a1 and Fn-1, which are known to be pro-fibrotic factors in injured tissues, were suppressed by linagliptin. These data suggest that linagliptin may have a pleiotropic effect on anti-inflammation and anti-fibrosis. Recent papers revealed that DPP-4 inhibitors have an inhibitory effect on fibroblast activity. Kanasaki et al. showed that linagliptin ameliorated kidney fibrosis in diabetic mice without altering blood glucose levels. The therapeutic effects of linagliptin on diabetic kidneys were associated with the suppression of profibrotic programs \[[@pone.0119360.ref022]\]. At this moment we cannot reveal the detailed mechanisms, however, linagliptin may have a novel pleiotropic action that suppresses inflammation and tissue fibrosis.

The soluble form of DPP-4, which lacks transmembrane domain functions as an aminopeptidase, is described above. On the other hand, DPP-4, also known as CD26, is expressed on the surface of immune cells, including T cells, B cells, NK cells, dendritic cells and macrophages \[[@pone.0119360.ref006], [@pone.0119360.ref023], [@pone.0119360.ref024]\]. DPP-4 interacts with a range of ligands, such as adenosine deaminase and kidney Na+/H+ ion exchanger \[[@pone.0119360.ref006]\], thereby playing an important role in cellular migration and cellular adhesion to collagen type I and to fibronectin. Shin et al. demonstrated that cell migration and adhesion via DPP-4 were independent of enzymatic activity of DPP-4 \[[@pone.0119360.ref025]\]. Furthermore, CD26 is also involved in the costimulatory interaction in T cell response to antigens \[[@pone.0119360.ref026]--[@pone.0119360.ref028]\]. However, our current results showed the antigen-induced lymphocyte proliferation was not suppressed by a DPP-4 inhibitor. It suggests that DPP-4 mediated signaling may not be involved in the proliferation of lymphocytes during inflammatory responses.

To understand the molecular mechanism of DPP-4 in the progression of inflammation-mediated cardiovascular diseases, the substrates of DPP-4 must be taken into account. DPP-4 is known to have various substrates which are inactivated by the activity of aminopeptidase, including GLP-1, GIP and SDF-1α \[[@pone.0119360.ref006], [@pone.0119360.ref029]\]. Bose et al. demonstrated that GLP-1 has a cardioprotective function in a rat model of myocardial ischemia and reperfusion injury \[[@pone.0119360.ref030]\]. Exenatide, a GLP-1 analogue, reduced myocardial infarct size in a pig model of myocardial ischemia \[[@pone.0119360.ref007]\]. Shigeta et al. revealed that inhibition of DPP-4 reversed diastolic LV dysfunction in response to pressure overload through DPP-4/SDF-1α-mediated local actions upon angiogenesis \[[@pone.0119360.ref029]\]. Thus, DPP-4 inhibitors may have some therapeutic effects on EAM through modulating the function of DPP-4 substrates.

Limitation {#sec019}
==========

Our current study revealed that the DPP-4 inhibitor significantly decreased the levels of IL-2, TNF-α, IL-1β and IL-6 mRNA expression and the fibrosis in the EAM hearts. However, our study did not clarify whether the DPP-4 inhibitor suppresses the function of lymphocytes directly and whether the substrate of DPP-4 is related to the anti-inflammatory effect in EAM. As various factors, such as virus infection and autoimmunity, are related to myocarditis \[[@pone.0119360.ref004], [@pone.0119360.ref031]\], the effects of DPP-4 inhibitors should also be elucidated through the use of a viral myocarditis model. Thus, further research is needed to clarify the effect of DPP-4 inhibitors on murine EAM.

Conclusions {#sec020}
===========

A DPP-4 inhibitor, linagliptin, prevented cardiac fibrosis and attenuated Th1 cytokine expression in EAM. This finding suggests the possibility of using a DPP-4 inhibitor to alleviate fibrosis in patients with myocarditis.
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